The 'incomplete use' theory for primary osteoarthritis, based originally on histological and epidemiological evidence,'`4 has received support in more recent years from behavioural studies reporting an apparent association between utilisation of available arc in individual joints and their susceptibility to primary osteoarthritis. [5] [6] [7] The degree of underutilisation found in some joints is substantial, and poses the question of why the human species should be endowed with ranges of movement apparently in excess of need.
In evolutionary terms, the only likely explanation for excess capacity is a relatively sudden change in behaviour which has happened too recently for the surplus to be bred out by selection. There have been two behavioural changes during human evolution which fit these requirements: abandonment of an arboreal lifestyle approximately 6 million years ago,8 9 and adoption of the erect posture, which is known to have been complete million years ago.'0 " If these changes resulted in a reduced need for movement range in some joints, then the incomplete use theory of primary osteoarthritis generates two predictions against which it can be tested: arboreal primates are free from primary osteoarthritis, and arboreal activities require full use of the joints found to be underused in humans. This study investigated the latter prediction.
In human behavioural studies,5-7 underutilisation of available arc was identified in the following joint groups: cervical spine (extension only); glenohumeral (external rotation); glenohumeral and acromioclavicular (abduction); metatarsophalangeal (flexion); knee (flexion); hip (flexion); distal interphalangeal (flexion); first carpometacarpal (full abduction). Both the initial observational5 and a later goniometric'2 study also showed underuse of extension in the metacarpophalangeal (MCP) joint. In the normal controls for the latter study the mean extension range was 590, but in the 140 observations of these two studies extension past the zero axis was recorded only twice, and did not exceed 100. There is thus considerable underuse of this movement in humans.
The objective was to investigate the manner in which these joints are used in arboreal primates, and in particular to determine if this lifestyle requires regular use of the arcs found to be underutilised in human subjects.
Subjects and methods
The primate genetically closest to humans is the chimpanzee, with a genetic difference, estimated from DNA and protein analysis, of less than 2%/o.8 " This species (Pan troglodytes) is represented in the Auckland Zoo by a main group of six individuals (four adult and two juvenile) and a separate subgroup of three adults. Data were acquired using 'focal animal' 720 group.bmj.com on July 7, 2017 -Published by http://ard.bmj.com/ Downloaded from observation techniques'3 in both groups. The main group were observed while the chimpanzees were on a simulated arboreal climbing frame in an outdoor enclosure. The observation distance for the main group was approximately 11 metres and direct observation was supplemented by use of 8 x 50 binoculars and by photography using telephoto lenses. Two different observation techniques were used.
In the first study attention was restricted to the chimpanzees' use of the hands while they were climbing or descending, the observations being recorded by two observers using two telephoto cameras over a period of three hours. The focal animal in this study was any animal actively engaged in climbing activity on the frame. During this session 91 films were taken and produced 84 useable films of hand positions. These were classified as 'full power', 'partial power', 'precision' or 'hook' grips, using definitions of hand position previously described."2 In the second study the chimpanzees were monitored while on the climbing frame, to record the use of the other limb joints and the cervical spine. Attention was directed to those movement ranges found to the underutilised in humans. The positions used by the primates were noted and examples recorded photographically. The observation period for this phase totalled 11 - Metatarsophalangealjoints Abduction of the great toe in climbing chimpanzees is well known and was regularly observed. Flexion of all the toes and plantar flexion of the foot, movements which are restricted in shod humans, occurred regularly in both primate species (fig 1) .
Hips and knees At both these joints the flexion ranges underused by humans were fully utilised by the primates while squatting and ground sitting (fig 2) . Both joints were extended in the erect bipedal and suspended positions. primates were on the ground but was common during suspensory activities in both species. The full abduction or flexion of the shoulder girdle required for complete excursion of the acromioclavicular joint14 15 Elbows In the investigation of human excursion ranges,5 elbow flexion was found to be fully utilised, and it had not been intended to study this joint in the chimpanzees. Observation of supination in the primates prompted interest in this movement, however. Figure 4 Chimpanzee descending rope using a partial power grip, thumb adducted in line with the object grasped. It was commonly observed in the orang-utans while they were brachiating (fig 3) , and occurred more rarely in chimpanzees during suspended phases. This primate requirement for full supination has long been known to zoologists,'6 but the utilisation of supination by humans has not been studied. Figure 6 Orang-utan hook grip, bearing surface proximal interphalangealjoint, thumb functionless. Hand grip use Utilisation of the hand positions observed in the chimpanzees differed from that found in humans, with climbing and suspensory activities making much more use of the power and hook grips. Of the 48 films in which visualisation of the hand was adequate to allow identification of the grip used, the hand position was categorised as partial power in 18 (fig 4), full power in nine (fig 5) , and hook in 10 (fig 6) , using the definitions previously reported.'2 In 11 films the position was intermediate between full and partial power. The usual grip when suspended was the hook grip. The precision grip so much utilised by humans was not observed during the climbing phases but was extensively used at other times, for grooming, feeding, and investigating the surroundings. Fifteen films showing chimpanzee precision grips were available from the University primate project and three different categories could be identified: lateral pinch between the thumb and the radial aspect of the index or first metacarpal (seven), lateral pinch between the index and middle fingers (five), and tip pinch between thumb and index (three).
Thumb The shorter thumb of the chimpanzee reduced its importance in the power grips compared with humans. Unless the object grasped is small, the chimpanzee thumb is too short to lock the fingers and, as a consequence, the distinction between full and partial power was less clear cut in the primates. When the object was small, however, the thumb was seen to be used as in humans, in palmar abduction and at or near right angles to the object grasped ( fig 5) . When the chimpanzees were holding wide objects such as the beams of the frame the thumb was in radial abduction ( fig 7) . In partial power grips it was adducted or intermediate between these extremes (fig 4) . In the hook position in both species, and particularly in the orang-utan, the thumb was in neutral position and largely functionless (fig 6) .
Interphalangeal joints The main difference in hand use between human and chimpanzee was the marked flexion of the interphalangeal joints in the high power hook grip used for suspension. As has been observed in previous studies,'7 18 the bearing surface in the hook grip photographs was the middle or proximal phalanx or the proximal interphalangeal joint (figs 3, 6, 8) . In the first case substantial flexion of the distal interphalangeal joints is needed to secure the grip and was regularly observed. In both grips near maximum flexion was seen at the proximal interphalangeal joint (figs 3, 8) .
Metacarpophalangeal joint In this joint, the prediction that all the underutilised ranges would be needed for climbing was not borne out. In the power grips used by chimpanzees for climbing, full MCP flexion was seen (figs 3, 8), but extension was identified only once in the 84 hand films (fig 1) 
Discussion
In every case in which an underused segment of arc has been identified in humans, the primates studied utilised the idle segments, either during arboreal activities or when knuckle walking. There has been some difference of opinion concerning the existence of a knuckle walking phase in human evolution,8 21 22 but retention of a large unused MCP extension range and the common presence of knuckle pads in modem humans23 24 support arguments for such a phase. The evidence is consistent with the conclusion that the movement ranges in the joints of modern humans reflect, not current need, but the imperatives of an arboreal past. Their persistence is not surprising as there has been no survival value in their obliteration.
The underutilisation presumably started when the prehuman stock diverged from the chimpanzee line and adopted an initially quadrupedal savannah lifestyle.8 9 25 Leaving the trees reduced the need for full shoulder abduction/flexion, cervical extension and the power and hook grips. Arboreal primates are critically dependent on a powerful hook grip,17 26 and this grip depends for its security on the ability to lock the fingers around branches of different calibre, the position of the fingers varying according to the size of the branch and the force needed. This need for full interphalangeal flexion is rare in modern humans. In the cervical spine the reduced extension required for ground foraging was then compounded by adoption of the erect posture, which further reduces the need for extension. This second change also obliterated the need for extension of the MCP joints. Two subsequent changes in lifestyle further reduce the ranges required: adoption of footwear effectively prevents flexion of the foot and toes, and the recent adoption of sitting in chairs has substantially reduced the flexion profile of hip and knee.4 6 27 There is epidemiological evidence of a smaller prevalence of osteoarthritis in the great toes and hips (but apparently not the knees) of communities which avoid these 4 28312 two practices.
The observation that arboreal primates use larger ranges of joint movement than humans does not by itself justify the conclusion that the underuse may be related to the development of primary osteoarthritis. For this to be tenable it would be necessary to confirm the complementary first prediction, that primary osteoarthritis should be rare in arboreal primates. There is some evidence to support this contention. Jurmain33 examined the skeletons of 17 Gombe chimpanzees, using direct inspection and radiography. The regions examined included the main limb joints, the small joints of the hands and feet, and the spine, and Jurmain reported that osteoarthritis was extremely rare in these joints, despite evidence of considerable trauma. Rothschild and Woods,34 in a study of the skeletons of 1403 primates, also reported that the disease is rare, occurring in less than 1% of the skeletons studied. They made the possibly important observation that the disease was six times as common in primates confined in zoos as in those ranging free in the wild. A possible explanation for the rarity of the disease could be a relatively short life span, but Goodall in her study of 160 chimpanzees over 30 years estimated a life span of 45 years, and quoted records of two individuals aged 52 and 54.35 As Heine36 found significant osteoarthritis in and below the fifth decade in his postmortem material, it seems unlikely that too short a life span can explain the negligible incidence in arboreal primates.
The proposition that primary osteoarthritis may be a maladaptive disease arising from a discrepancy between inherited design and current function has already been advanced by Hutton.37 The mechanism postulated by Hutton-mechanical overload-showed only partial correlation with regional prevalence. If incomplete use is substituted for overload the correlation with local prevalence seems stronger but is still not perfect. There are three discrepant joint groups in which underuse is not associated with a high prevalence of osteoarthritis-MCP, lateral metatarsophalangeal, and glenohumeral-but in each case there are local anatomical differences which partially decouple joint loading from full utilisation. These differences have been discussed elsewhere,5 and may explain the relative sparing at these sites.
The hypothesis which emerges from these behavioural studies, that primary osteoarthritis may be a manifestation of the 'law of use or lose' is not new. The studies do no more than 724 group.bmj.com on July 7, 2017 -Published by http://ard.bmj.com/ Downloaded from provide evidence of a possible evolutionary basis as ultimate cause and a bifactorial rationale as proximate cause, for the underuse hypothesis of Harrison et all and others.3 4 27 It is clear that the hypothesis applies only to the primary form of the disease, and it does not explain the location of changes within the joint, which seems to be a function of focal loading irrespective of the cause of the degenerative change.
The hypothesis has two implications which diverge to some extent from current views. First, that notwithstanding the similarity of their end stage histology, primary and secondary osteoarthritis arise from different mechanisms. Second, that primary osteoarthritis is theoretically a preventable disease. Whether this is true in practice is a different matter, but it is a sufficient goal to justify fuirther research.
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